Anaerobic biodegradation of toluene and ethylbenzene is of environmental concern and biochemical interest due to toxicity and novel reactions, respectively. The denitrifying strain EbN1 is unique in anaerobically degrading both alkylbenzenes via different pathways which converge at benzoyl coenzyme A. The organization of genes involved in both pathways was only recently determined for strain EbN1. In the present study, global expression analysis (DNA microarray and proteomics) indicated involvement of several thus-far-unknown proteins in the degradation of both alkylbenzenes. For example, orf68 and orf57, framing the ebd operon, are implicated in ethylbenzene degradation, and the ebA1932 and ebA1936 genes, located 7.2 kb upstream of the bbs operon, are implicated in toluene degradation. In addition, expression studies were now possible on the level of the complete pathways. Growth experiments demonstrated that degradative capacities for toluene and ethylbenzene could be simultaneously induced, regardless of the substrate used for adaptation. Regulation was studied at the RNA (real-time reverse transcription-PCR and DNA microarray) and protein (two-dimensionaldifference gel electrophoresis) level by using cells adapted to anaerobic growth with benzoate, toluene, ethylbenzene, or a mixture of toluene and ethylbenzene. Expression of the two toluene-related operons (bss and bbs) was specifically induced in toluene-adapted cells. In contrast, genes involved in anaerobic ethylbenzene degradation were induced in ethylbenzene-and toluene-adapted cells, suggesting that toluene may act as a gratuitous inducer. In agreement with the predicted sequential regulation of the ethylbenzene pathway, Ebd proteins (encoding subunits of ethylbenzene dehydrogenase) were formed in ethylbenzene-but not in acetophenone-adapted cells, while Apc proteins (subunits of predicted acetophenone carboxylase) were formed under both conditions.
Alkylbenzenes are abundant constituents of crude oil and fuels and are widely used solvents and starting compounds in chemical synthesis. Among them, benzene, toluene, ethylbenzene, and xylenes have attracted particular attention due to their toxicity. Environmental pollution by crude oil or fuels often affects (leads to) anoxic systems such as groundwater aquifers, leading to the demand for knowledge about bacterial degradative capacities under anoxic conditions. In recent years, numerous pure cultures of novel bacteria which degrade alkylbenzenes completely to CO 2 in the absence of molecular oxygen were isolated (for an overview, see references 22, 47, 52, and 53). Most of these bacteria are denitrifying isolates belonging to a recently recognized phylogenetic group clustering with the known genera Azoarcus and Thauera within the Betaproteobacteria. Due to the remarkable degradative capacities of its members, this group is currently described as a new genus, and the Azoarcus-like strain EbN1 is described as a new species therein (R. Rabus et al., unpublished data) .
Biodegradation of alkylbenzenes has to overcome their exceptional chemical stability. Aerobic bacteria achieve this by employing highly reactive oxygen species in monooxygenaseor dioxygenase-catalyzed reactions. An understanding of the fundamentally different reactions used by anaerobic bacteria was obtained only in recent years (for an overview, see references 22, 47, 52, and 53).
Benzylsuccinate synthase catalyzes the initial formation of benzylsuccinate from toluene and fumarate (Fig. 1A) . The glycyl radical of the active enzyme is generated by a bssDencoded activase (1, 3, 10, 15, 26, 30, 32) . Benzylsuccinate is further degraded to the common aromatic intermediate benzoyl coenzyme A (benzoyl-CoA) via a modified ␤-oxidation pathway (33) (34) (35) . In denitrifying bacteria, anaerobic degradation of ethylbenzene (Fig. 1B) is initiated by the molybdenumcontaining ethylbenzene dehydrogenase forming (S)-1-phenylethanol (2, 24, 25, 28, 29, 38, 39, 42) . The maturation of this periplasmic enzyme is presumably mediated by the ebdD product. Subsequent conversion to benzoyl-CoA is proposed to involve a carboxylation reaction and thiolytic removal of an acetyl-CoA moiety. Further degradation of the common intermediate benzoyl-CoA begins with a reductive dearomatization catalyzed by benzoyl-CoA reductase (4) and proceeds via hydrolytic ring cleavage and ␤-oxidation to acetyl-CoA units. The latter units are then terminally oxidized to CO 2 (4, 21) .
Strain EbN1 is unique among known alkylbenzene degraders for its capacity to anaerobically degrade toluene as well as ethylbenzene. These alkylbenzenes are utilized not only when supplied as pure substances (39) but also directly from crude oil (40) . Strain EbN1 employs the above-described pathways, which were previously suggested to be regulated by their respective substrates (6) . The complete genetic blueprints for both pathways in strain EbN1 include three related two-component regulatory systems (31, 42) . Only recently was the complete genome sequence of strain EbN1 determined (42a) .
Regulation of anaerobic hydrocarbon degradation is to date only poorly understood. Initial studies were concerned with the bss operon of anaerobic toluene degradation (8, 23) . The genomic reconstruction of anaerobic toluene and ethylbenzene metabolism in strain EbN1 (31, 42) allowed for the first time an investigation of regulation of anaerobic hydrocarbon degradation on the level of the complete pathways. Physiological adaptation experiments were combined with global expression profiling (DNA microarrays and proteomics) to pursue the following lines of research: (i) the influence of adaptation substrates on induction of pathways, (ii) simultaneous induction and activity of both pathways, (iii) differing modes of regulation for the two pathways, (iv) specificities of the predicted sensors for their respective substrates, and (v) the search for additional gene products not previously correlated with the two pathways.
MATERIALS AND METHODS
Media and cultivation. The denitrifying bacterium strain EbN1 was cultivated under nitrate-reducing conditions as previously described (39) . Substrates with low solubility in water were provided as dilutions in 2,2,4,4,6,8,8-heptamethylnonan (HMN) rather than added directly to the medium. The used chemicals were of analytical grade, and purity of toluene and ethylbenzene was confirmed by gas chromatographic analysis.
Mass cultivation was performed to supply sufficient cell material for RNA and protein analysis. Substrate-adapted cells (see below) were used for inoculation. To reduce slime formation, a phosphate-buffered mineral medium supplemented with NaCl (1 g/liter) was used (51) . For DNA microarray and two-dimensionaldifference gel electrophoresis (2D DIGE) experiments, strain EbN1 was grown with the following substrate concentrations (vol/vol) in HMN: 1% toluene, 2.5% ethylbenzene, a mixture of 0.5% toluene and 1.25% ethylbenzene, and 1% acetophenone. (42) are as follows: EbdABC, ethylbenzene dehydrogenase; Ped, (S)-1-phenylethanol dehydrogenase; Apc1-5, acetophenone carboxylase; Bal, benzoylacetate CoA-ligase. Anaerobic degradation of benzoyl-CoA is initiated by benzoyl-CoA reductase (BcrCABD) and then further oxidized via reductive ring cleavage to carbon dioxide (not shown; 4). Reducing equivalents ([H]) are used for the reduction of nitrate to dinitrogen. A scale model for the organization of the involved genes is displayed for both pathways. Annotations for ebA1926 through ebA1938 genes are provided in Table 4 , while those for all other genes have already been described elsewhere (31, 42) . ࡗ, consensus sequence TTA(A/G)GTGTTCGCACCAATTG in the promoter regions of bssD, bbsA, and the ebA1936 gene is located 118, 68, and 450 bp upstream of the respective translational starts.
tures with the following substrate concentrations (vol/vol) in HMN were used: 1% toluene, 2% ethylbenzene, and a mixture of 1% toluene and 2% ethylbenzene. The concentration of benzoate was 4 mM. Cultivation was carried out in 500-ml bottles containing 400 ml of medium, 20 ml of carrier phase, and 80 ml of headspace. Up to 20 parallel cultures for each substrate condition were harvested at an optical density at 660 nm of around 0.2, corresponding to the mid-exponential-growth phase, as described previously (6) . Cells were washed twice with 100 mM Tris-HCl (pH 7.5) containing 5 mM MgCl 2 , and the obtained pellets were immediately frozen in liquid nitrogen and stored at Ϫ80°C.
Physiological adaptation experiments. Cells were adapted to growth with toluene, ethylbenzene, a mixture of both alkylbenzenes, or benzoate over at least five passages. These four differently adapted subcultures served as inoculum for subsequent cultivation under three different substrate conditions: toluene (0.3%, vol/vol), ethylbenzene (0.3%, vol/vol), and a mixture of both alkylbenzenes (each 0.15%, vol/vol). Chemical analysis of alkylbenzenes (see below) required reduced substrate concentrations in HMN. Controls lacked either organic substrate or inoculum. During incubation, samples were withdrawn from the carrier phase (0.2 ml) and the aqueous phase (1 ml) at intervals of about 3 h. To maintain anoxic conditions during sampling, N 2 -flushed sterile syringes were used. Samples from the carrier phase were stored in Teflon-sealed 0.7-ml flange bottles (WiCom, Heppenheim, Germany) and subsequently analyzed by gas chromatography to determine substrate consumption (see below). Samples from the aqueous phase were directly used to monitor growth by measuring the optical density at 660 nm (UV-mini 1240; Shimadzu, Duisburg, Germany). The end of incubation was indicated by the depletion of the electron acceptor nitrate and intermediately produced nitrite. This process was monitored with Merckoquant test strips (Merck, Darmstadt, Germany). Four parallels (based on two independent inoculum cultures) were carried out for each tested substrate condition. Parallel cultures yielded highly similar time courses of growth and alkylbenzene utilization.
Chemical analysis. Concentrations of toluene and ethylbenzene in samples from the carrier phase were determined by gas chromatography. The system consisted of a gas chromatograph equipped with a flame ionization detector (Perkin-Elmer Autosystems, Rodgau-Jügesheim, Germany) and an OPTIMA-5 column (0.25 m by 50 m; Macherey-Nagel, Düren, Germany). Retention times were 4.6 min (toluene) and 7.1 min (ethylbenzene). The dynamic range was between 0.1 and 10 mM in both cases. Undiluted samples (1 l) of the carrier phase were injected. Separation was achieved with hydrogen as the carrier gas at a flow rate of 120 ml min Ϫ1 , a split of 1:70, and the following temperature gradient: injection port temperature, 250°C; column temperature, 40°C for 2 min, ramping at 4°C min Ϫ1 , 60°C for 0.1 min, ramping at 20°C min Ϫ1 , and 320°C for 10 min; flame detector temperature, 350°C.
Preparation of mRNA. Total RNA was prepared from substrate-adapted cells by using the hot-phenol method described previously by Oelmüller et al. (36) . To consider biological variations, RNA was prepared from two independent cultures for each substrate condition. After treatment with RNase-free DNase (MBI Fermentas, St. Leon Roth, Germany), the removal of DNA was confirmed by the absence of target genes which are amplifiable by PCR, RNA quality was controlled as described previously (31) , and RNA aliquots were further purified with RNeasy Mini purification columns (QIAGEN, Hilden, Germany).
Real-time RT-PCR. Gene-specific primers (Table 1) were designed with the MacVektor program (Accelrys, Munich, Germany). The antisense primers were used for reverse transcription with H minus M-MLuV reverse transcriptase (MBI Fermentas) applied according to the manufacturer's instructions and using 2 g of total RNA. A 40-cycle real-time PCR was performed on a 25-l scale by using a SYBR Green ready mix (Eurogentec, Seraing, Belgium) and standard PCR conditions. For each reaction, 2 l of the individual RT reactions served as a template. Primer pairs complementary to the bcrC, bssA, and ebdA sequences were used to amplify gene-specific products (Table 1) . Specificity of accumulated products was verified by melting curve analysis and sequencing. Relative expression levels were calculated, and PCR efficiencies were determined as described previously by Pfaffl (reference 37, see equation 3 therein) and Ramakers et al. (43) . Concurrent substrate concentrations and time points of cell harvesting (see above) as well as highly similar PCR efficiencies (around 1.9) for the three target genes under the different growth conditions underline the significance of determined relative expression levels (see Fig. 3 ). For each tested RNA preparation, at least three independent real-time RT-PCR experiments were conducted.
Probe amplification (DNA microarray). PCR products were amplified from genomic DNA fragments as described previously (42) . Suitable gene-specific primers (average length, 23 bp; average melting point temperature, 60 to 63°C) were designed by using the PRIDE plug-in (20) from the Staden program package (48) . Following amplification, 25 l of PCR products was concentrated by isopropanol precipitation. The pellets were dried at room temperature, resuspended overnight in 15 l of spotting buffer (3ϫ SSC [1ϫ SSC is 0.15 M NaCl, 10 mM sodium citrate], 1.5 M betaine [13] ) on a rotary shaker and subsequently transferred to 384-well polystyrene spotting plates (Genetix, New Milton, United Kingdom). Size and concentration of the PCR products were verified by agarose gel electrophoresis and spectrophotometric measurements.
DNA microarray fabrication. Spotting was performed with a modified Genetix Qarray spotting robot by using TeleChem (Sunnyvale, Calif.) CMP4 split pins and TeleChem SuperAmine slides. After incubation for 12 h at 20°C and 55% relative humidity, the slides were snap dried on a heating plate (200°C) for 30 s. DNA was linked to the slide surface by UV irradiation with a Stratagene UVStratalinker (twice at 1,200 J). The slide surface was subsequently blocked as described previously (13) . Slides were stored at room temperature and protected from light and humidity until further use.
cDNA synthesis (DNA microarray). Fifteen micrograms of total RNA was reverse transcribed using Cy-labeled dUTP (Perkin-Elmer), SuperScript II RT (Invitrogen, Karlsruhe, Germany), and random nonamer primers as described elsewhere (27) . The labeled cDNAs were purified by using Microcon YM-30 spin columns (Millipore, Bedford, Mass.). The quality of cDNA synthesis was verified by agarose gel electrophoresis and fluorescence scanning of the gel with a Fuji FLA-8000 scanner at 532 and 640 nm followed by subsequent staining of the gel with ethidium bromide.
Hybridization procedure (DNA microarray). Cy3-and Cy5-labeled reference and test cDNAs were pooled and mixed with 2 l of a DNA mixture consisting of 2.5 g of herring sperm DNA (Invitrogen)/l, 25 ng of acetylated bovine serum albumin (Promega, Mannheim, Germany)/l, and 0.6 M unlabeled oligonucleotides. This mixture was added to the labeled samples, concentrated with a SpeedVac (volume of 3 to 5 l), resuspended in 50 l of DIG Easy Hyb buffer (Roche Diagnostics, Mannheim, Germany), and denatured at 95°C for 3 min prior to transfer to the slide surface. Hybridization was conducted for 16 h at 42°C in a hybridization chamber (Scienion AG, Berlin, Germany). After washing (once with 0.2 ϫ SSC-0.1% [wt/vol] sodium dodecyl sulfate and twice with 0.2 ϫ SSC for 5 min) and drying by centrifugation, the slides were scanned with a GMS 418 microarray scanner (MWG Biotech AG, Ebersberg, Germany). Image processing and grid placement were achieved with the AIDA image analysis software package (Raytest, Straubenhardt, Germany). For each investigated test state (growth with ethylbenzene, toluene, or a mixture of both), a total of 7 slides were hybridized with random primed Cy3-or Cy5-labeled cDNA. Each slide contained four identical blocks. For each gene, three replicate samples were spotted per block. Thus, 84 (7 ϫ 4 ϫ 3) replicates were used for each gene and treatment in the final calculations.
Image analysis (DNA microarray). The quantification was based on the pixel positions resulting from the grid placement with the AIDA software. Intensities of spots and background were calculated and normalized (49) by applying a median method to three reference genes. For this purpose, bcrC (␥-subunit of benzoyl-CoA reductase), mdh (malate dehydrogenase), and ssb (single-strand binding protein) were selected since they were assumed to be constitutively expressed. The median of this reference set (88 replicates per slide) was determined for each single slide and for the whole data set (49) . In the normalized data, all replicates of a single gene were averaged, resulting in the mean value. The ratios of the means between a test state (adaptation to ethylbenzene, toluene, or a mixture of both) and the reference state (adaptation to benzoate) were calculated. Standard error and Welch test indicated significance of differential expression (46) . The significance level for the P value was 0.01.
Reproducibility of the hybridization experiments was as follows. When different RNA preparations from the same test state were used for parallel hybridizations, the correlation coefficients (linear scale) of spot intensities ranged (17) . Protein concentration was determined according to the method described previously by Bradford (5) .
Isoelectric focusing (IEF) was performed as described previously (17, 41) by using the IPGphor system and 24-cm IPG (immobilized pH gradient) strips with linear pH gradients of 4 to 7 and 3 to 10 (Amersham Biosciences). To enhance reproducibility and resolution of IEF in the alkaline range of pH 3 to 10, the rehydration buffer contained 1.2% DeStreak reagent (Amersham Biosciences) instead of 0.4% dithiothreitol. The EttanDalt II system (Amersham Biosciences) was used for separation according to molecular weight in 12.5% Duracryl gels (Genomic Solution, Ann Arbor, Mich.) as described previously (17) . Low-fluorescence glass plates were used for 2D DIGE.
2D DIGE was essentially carried out as described previously by Gade et al. (17) . A total of 200 pmol of CyDye was used to label 50 g of protein sample. Preelectrophoretic labeling with different fluorescent dyes allows coseparation of up to three samples in a single gel. An individual experiment in the present study contained (per gel) reference state, test state, and internal standard. To achieve statistical confidence, five parallel gels were run per experiment. Protein extracts from benzoate-adapted cultures served as the reference state and were labeled with Cy5. Protein extracts from cultures adapted to anaerobic growth with toluene, ethylbenzene, a mixture of both, or acetophenone represented the test states and were each labeled with Cy3. All four test states were related to the same reference state. All performed experiments contained the same preparation of internal standard, which was composed of equal amounts of reference state and all test states and was labeled with Cy2.
2D DIGE gels were scanned immediately after electrophoresis with a Typhoon 9400 scanner (Amersham Biosciences). Analysis of cropped images was performed with DeCyder software (version 5.0; Amersham Biosciences). Parameters for codetection of spots were as follows: (i) detection of 2,500 spots in pH 4 to 7 gels and of 3,000 spots in pH 3 to 10 gels and (ii) exclusion of signals with a slope of Ͼ1, an area of Ͻ200, a peak height of Ͻ190, and a volume of Ͻ60,000. Statistical analysis was based on independent spot maps. Differentially regulated spots were manually controlled and fulfilled the following criteria: an average ratio of ϽϪ2.5 or Ͼ2.5, a P value of Ͻ0.05 by analysis of variance, t test value of Ͻ10 Ϫ4 , Ͼ45 out of 60 matched gels. The pH 4 to 7 master gel contained 1,724 matched protein spots. Total numbers of substrate-specific regulated protein spots were 215, 182, 239, and 188 up-regulated and 26, 24, 20, and 73 downregulated protein spots in cells adapted to toluene, ethylbenzene, a mixture of both, and acetophenone, respectively. For better perception, the Cy2 channel was omitted in Fig. 4 and 5. A second set of 2D DIGE experiments with samples from independent mass cultures yielded essentially the same results for each of the four investigated test states (data not shown). In order to analyze regulated proteins by mass spectrometry, separate preparative (500-g protein load) gels were run and stained with colloidal Coomassie brilliant blue according to the method described by Doherty et al. (14) .
Protein identification by mass spectrometry. Selected up-regulated protein spots were excised with an automatic excision workstation (PROTEINEER sp; Bruker Daltonics, Bremen, Germany). Tryptic digest of excised proteins and preparation of the matrix-assisted laser desorption ionization target with ␣-cyano-4-hydroxycinnamic acid as matrix was carried out with a PROTEINEER dp digest and a sample preparation robot (Bruker Daltonics) as recently described (31) . Acquisition of mass spectrometry fingerprints was achieved with an Ultraflex tandem time of flight instrument (Bruker Daltonics) as recently described (31) . Fingerprint information was submitted to a protein database search by using the MASCOT search engine (Matrix Science, London, United Kingdom). The database contained essentially the protein sequences predicted to be involved in the anaerobic degradation of toluene (31) and ethylbenzene (42) by denitrifying strain EbN1.
Nucleotide sequence accession numbers. DNA sequences of new genes of strain EbN1 have been deposited in the EMBL database under the accession numbers CR792447 (ebA1926, ebA1928, ebA1929, ebA1932, ebA1936, tnpF, and ebA1938), CR792444 (bcrC), CR792558 (mdh), and CR792561 (ssb).
RESULTS
Regulation of the anaerobic degradation pathways for toluene and ethylbenzene in strain EbN1 (Fig. 1) by their respective substrates was investigated in vivo by measuring substrate consumption in cultures (Fig. 2) and in vitro on RNA (Fig. 3 and Table 2 ) and by measuring protein levels (Fig. 4 and 5 and Table 3 ). The common basis for these experiments was cells of strain EbN1 adapted to one of five different substrate conditions. Compounds used for adaptation were, on the one side, the key substrates of the investigated pathways, i.e., toluene and ethylbenzene (supplied as a single substrate or as a mixture) and acetophenone, and, on the other side, benzoate, which represents the first common intermediate (Fig. 1) . Benzoate-adapted cells served as the reference state, since the degradative capacities for the other substrates were not induced in them. To allow optimal comparison, global expression studies (DNA microarrays or proteomics) were conducted with the same cell batches.
Differential alkylbenzene consumption during growth. Four differently adapted types of cultures of strain EbN1 were studied. In each case, cultures were shifted to either toluene, ethylbenzene, or a mixture of both alkylbenzenes as the sole source of organic carbon. Due to their toxicity and low water solubility, the alkylbenzenes were added as a solution in an inert carrier phase. During growth, consumption of the alkylbenzenes was monitored in samples withdrawn from the carrier phase. Results are shown in Fig. 2 .
When cultures were adapted to benzoate utilization, consumption of toluene and ethylbenzene occurred only after prolonged incubation (Fig. 2A) . Regardless of whether the alkylbenzenes were added as single substrates or as a mixture, similar induction times of less than 15 h were observed. Interestingly, degradative capacities for both alkylbenzenes were induced simultaneously when provided as a mixture. Thus, neither of the alkylbenzenes repressed the onset of the degradation of the other alkylbenzene.
Toluene-adapted cultures (Fig. 2B) utilized toluene, as expected, almost instantly. In contrast, consumption of ethylbenzene required an even longer induction time in tolueneadapted cells than that observed in case of the benzoateadapted cells. When cells were supplied with a mixture of both alkylbenzenes, toluene utilization again set in early. During the course of toluene consumption, degradation of ethylbenzene had already started. This finding indicated that ongoing toluene degradation does not repress induction of the capacity to degrade ethylbenzene.
In the case of ethylbenzene-adapted cultures (Fig. 2C) , an analogous pattern of substrate utilization was observed. Ethylbenzene was consumed rather rapidly whether supplied as a single substance or as a mixture with toluene. The latter was utilized only after a long induction time but then also while ethylbenzene was still consumed.
Time courses of toluene and ethylbenzene utilization were similar when cells were adapted to their mixture (Fig. 2D) .
Monitoring bssA and ebdA expression with real-time RT-PCR. As a first step towards the transcriptional analysis of the pathway regulation, a real-time RT-PCR approach was established to monitor expression of the bssA and ebdA genes (Fig.  3) . Both genes are particularly relevant since they encode the catalytic subunits of benzylsuccinate synthase and ethylbenzene dehydrogenase, respectively, the initial enzymes of the two pathways. Gene expression was investigated in cells adapted to benzoate, toluene, ethylbenzene, the mixture of both alkylbenzenes, and acetophenone. Benzoate-adapted cells served as the reference state. bcrC was selected as the reference gene since it codes for the ␥-subunit of benzoyl-CoA reductase, the first common enzyme after convergence of the two pathways. In agreement with the in vivo experiments ( Fig.  2A) , only basal expression of bssA and ebdA was observed in benzoate-adapted cells.
In ethylbenzene-adapted cells, expression of ebdA was about 550-fold up-regulated, while expression of bssA was only marginal. Apparently, the predicted sensor for toluene (TdiS) is not responsive to ethylbenzene. In contrast, cells adapted to growth with toluene displayed an up-regulation of ebdA and bssA expression of about 100-fold. This unexpected finding may suggest a relaxed specificity of the predicted ethylbenzene sensor (Tcs2), also recognizing toluene.
In agreement with the in vivo behavior of cells adapted to growth with the alkylbenzene mixture (Fig. 2D) , ebdA and bssA were about 180-and 70-fold up-regulated under these growth conditions. In each case, this was about threefold lower than observed with cells adapted to toluene or ethylbenzene as a single substrate. While the rationale behind this observation is not understood, it cannot be attributed to differing substrate concentrations, since these concentrations were always the same for the individual alkylbenzene when supplied as a single substrate or as a mixture.
In acetophenone-adapted cells, the expression of bssA and ebdA was as low as that in benzoate-adapted cells, indicating that neither of the two predicted alkylbenzene sensors (TdiS and Tcs2) recognizes acetophenone. Moreover, this result agrees with the previous hypothesis of a sequential regulation of the ethylbenzene pathway (42) .
Transcriptional profiling with DNA microarray. Following expression analysis of single genes (bssA and ebdA) by means of real-time RT-PCR, a DNA microarray was designed for transcriptional profiling of both complete pathways. The DNA microarray contained probes for all genes predicted to be involved in anaerobic toluene (31) and ethylbenzene (42) degradation. In addition, neighboring genes, mostly coding for proteins of unknown function, were also represented on the DNA microarray. Labeled cDNA for hybridization experiments was generated from total RNA prepared from substrateadapted cells. Results from the DNA microarray analysis are summarized in Table 2 .
Transcriptional profiling of ethylbenzene-adapted cells revealed a specific up-regulation of all genes previously predicted to be involved in anaerobic ethylbenzene degradation (42) . The highest average ratios were observed for ebdC (21.1-fold; encoding the ␥-subunit of ethylbenzene dehydrogenase), ped . The previous suggestion of bal encoding benzoylacetate CoA-ligase was supported by its specific 16.1-fold up-regulation; biochemical characterization will provide final proof. Interestingly, orf92, orf90, orf87, and orf84, which are located directly downstream of the apc/bal gene cluster, were also specifically up-regulated (9.1-, 15.3-, 22.1-, and 6.8-fold, respectively). An unexpected finding was the strong up-regulation of orf68 and orf57 (22.5-and 14.9-fold, respectively). These open reading frames frame the ebd operon, and their products are of unknown function (42) . As observed during the real-time RT-PCR experiment with bssA (see above), genes involved in anaerobic toluene degradation (31) were not upregulated in ethylbenzene-adapted cells. The 17 selected toluene-related genes displayed average ratios ranging between 1.1 and 2.0 (median at 1.4). These results further corroborated the aforementioned specificity of the suggested toluene sensor (TdiS) and also demonstrated the suitability of the used DNA microarray design to study differential regulation of the two pathways. When cultures of strain EbN1 were adapted to anaerobic growth with toluene, all 17 genes assigned to the bss and bbs operons were up-regulated, in agreement with the growth physiology of the investigated cells. The highest expression levels were observed for bssA, bssB, and bbsG (28.8-, 18.1-, and 17.4-fold, respectively). Several proteins of unknown function are encoded directly downstream of the bss operon by the c2B001, c2A200, c2A203, c2A204, and c2A308 genes. These genes appeared to be up-regulated during anaerobic growth with toluene (average ratios of 3.2-, 2.5-, 4.8-, 3.4-, and 3.6-fold, respectively). Specificity of expression is confirmed by only marginal expression during anaerobic growth with ethylbenzene (average ratios of around 1.1). Previous genomic reconstruction of the toluene pathway in strain EbN1 also indicated the presence of the bbsJ gene within the bbs operon. Only fragments of this gene are detectable in the bbs operon of well-studied Thauera aromatica strain K172 (31) . The bbsJ gene was specifically up-regulated by 13.6-fold in toluenegrown cells, while the expression level in ethylbenzene-grown 
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a Average ratios were calculated with benzoate-grown cells as a reference as described in Materials and Methods. Average ratios are provided with standard deviations.
b Organization and names of genes are as described in the legend of Fig. 1 , except for the fad genes and orf206, which are located in the 15-kb distance from the gene cluster of the ethylbenzene pathway (42) . cells was only 1.8. In analogy to the above-described results from the real-time RT-PCR experiment, genes involved in the ethylbenzene pathway were also up-regulated. However, expression levels for ebd and apc genes were two-to threefold and four-to fivefold lower, respectively, than those for ethylbenzene-adapted cells.
Genes for both pathways were clearly up-regulated in cells adapted to simultaneous utilization of ethylbenzene and toluene. In both cases, the determined expression levels were about three-to fourfold lower than those of cells grown with the individual alkylbenzene, in agreement with the results from the real-time RT-PCR experiment.
In the present study, the average ratios for most highly up-regulated genes ranged between 20 and 30. These values are considerably lower than relative expression levels determined with the real-time RT-PCR approach. This result agrees with the observations from several laboratories that DNA microarray analyses generate about 10-fold-lower expression levels than other generally applied methods for RNA analysis (7) .
Analysis of relative protein abundances with 2D DIGE. Soluble proteins extracted from the differently adapted cells were electrophoretically separated in a pH range from 3 to 10. Expanding the IEF to alkaline pH was required since some of the predicted proteins displayed a theoretical isoelectric point in this range (e.g., EbdC with a pI of 9.16). More than 150 protein spots with increased abundances in response to anaerobic growth with toluene or ethylbenzene were detected by 2D DIGE analysis (see Materials and Methods). For identification of the abundant ones among them, corresponding spots were excised from Coomassie-stained gels. Mass spectrometric analysis yielded average MASCOT scores of at least 100, based on at least three independent analyses. With this procedure, 8 out of the 17 predicted gene products of anaerobic toluene degradation (31) and 7 out of the 11 predicted gene products of anaerobic ethylbenzene degradation (42) were identified. Several other abundant, differential proteins could not be identified. Results from 2D DIGE analysis and mass spectrometric identification are summarized for alkylbenzene-adapted cells in Fig. 4 and Table 3 and for acetophenone-adapted cells in Fig. 5 .
In toluene-adapted cells (Fig. 4A ) the eight identified toluene-specific proteins were 4-to 155-fold up-regulated; e.g., BbsH was up-regulated by 155-fold. Also, in accordance with the transcriptional analysis, gene products from the ethylbenzene pathway were up-regulated in toluene-adapted cells, although to a lesser extent than the toluene-specific gene products. Further proteins, which are not encoded in the bss and bbs operons but which were nevertheless specifically up-regulated in toluene-adapted cells, were EbA1932 and EbA1936 (exclusively discovered by the global proteomic approach). Their identified coding genes are organized in an operon-like structure and located 7.2 kb upstream of the bbs operon ( Fig.  1 and Table 4 ). Interestingly, the same consensus sequence as that previously described for the promoter regions of the bss and bbs operons (Fig. 1A ) (31) is present upstream of the EbA1936 gene, agreeing well with the toluene-specific coinduction. When cells were adapted to anaerobic ethylbenzene utilization (Fig. 4B) , the seven identified ethylbenzene-specific proteins were strongly up-regulated (4-to 242-fold). In contrast, the electrophoretically detectable proteins of the toluene pathway appeared to be absent. Thus, the proteomic results also support the view that toluene and ethylbenzene sensors of strain EbN1 exhibit different degrees of specificity towards their target molecules. In addition to the previously described gene products of the ethylbenzene pathway (42) , the products of orf68 and orf84 were also found to be the most strongly up-regulated in response to ethylbenzene degradation (281-and 28-fold, respectively). In fact, the orf68 product belongs to the abundant proteins detected on the 2D DIGE gels. Specific up-regulation of orf68 and orf84 was also found by DNA microarray analysis (Table 2 ).
When cells were anaerobically grown with a mixture of toluene and ethylbenzene (Fig. 4C) , both sets of proteins were up-regulated. Relative to the cultures adapted to a single alkylbenzene, here the relative protein abundances were lower.
Acetophenone-adapted cells (Fig. 5) are characterized by the absence of EbdC (␥-subunit of ethylbenzene dehydrogenase) and EbdD (predicted chaperone for maturation of ethylbenzene dehydrogenase). This finding agrees well with the absence of ebdA expression (␣-subunit of ethylbenzene dehydrogenase) in acetophenone-adapted cells as revealed by the aforementioned real-time RT-PCR experiments (Fig. 3) were strongly up-regulated in the same cells (Fig. 5) . Apparently, the adaptation to acetophenone as the sole organic substrate resulted in the specific formation of only those enzymes, which are involved in its catabolism.
DISCUSSION
Simultaneous toluene and ethylbenzene utilization. The parallel utilization of toluene and ethylbenzene in cultures was reflected in simultaneous expression of genes from both degradation pathways. Therefore, neither of the two alkylbenzenes is regarded as a preferred substrate, precluding a regulatory process such as catabolite repression at this level. This regulatory behavior of strain EbN1 might reflect an adaptation to low concentrations of the rather insoluble alkylbenzenes, as usually encountered in the natural environment. Repression of these pathways by substrates like succinate might occur, since this is known from aerobic aromatic degradation (11, 16, 18, 50) . Sequential regulation of the ethylbenzene pathway. The upper and lower parts of the pathway for anaerobic ethylbenzene degradation were previously suggested to be sequentially induced by their respective substrates, ethylbenzene and acetophenone (42) . In fact, strain EbN1 can utilize both compounds as growth substrates (39) . Such a regulatory scenario is supported by the absence of ebdA expression (Fig. 3) and EbdCD formation (Fig. 5 ) in acetophenone-adapted cells as well as by the concomitant presence of several subunits of acetophenone carboxylase and of putative benzoylacetate CoA-ligase (Fig. 5) . A sequential mode of regulation could be of economic benefit, considering that strain EbN1 probably encounters acetophenone (a plant metabolite) as substrate in the natural soil habitat. Similarly, in Pseudomonas putida, the pathway for aerobic degradation of toluene or xylenes is also divided into two sequentially regulated parts (45) .
Substrate specificity of pathway regulation. Substrate-dependent regulation of aromatic catabolism usually occurs on the transcriptional level and involves a large variety of transcriptional regulators (12, 19) . Two different two-component regulatory systems were previously suggested to trigger expression of genes involved in anaerobic toluene (TdiSR system) and ethylbenzene (Tcs2/Tcr2 system) degradation in strain EbN1. Toluene recognition by the TdiSR system was suggested due to the close neighborhood of its coding genes to the bss operon and the high similarity to other two-component regulatory systems for toluene degradation in related strains (31) . Even though the Tcs2/Tcr2 and TdiSR systems are also highly similar to each other, their sensor components differ markedly in one of the PAS domains implicated in substrate sensing. This finding, together with the close proximity of the tcs2/tcr2 genes to the catabolic operons of the ethylbenzene pathway, suggested that Tcs2 recognizes ethylbenzene (42) . In addition, a third two-component system (Tcs1/Tcr1 system) was suggested to be implicated in recognition of acetophenone due to its similarity to previously described p-hydroxyacetophenonesensing systems of plant pathogenic bacteria (42) . The present study suggests a strict specificity of the predicted toluene sensor, which is contrasted by relaxed specificities of the predicted ethylbenzene (Tcs2) and acetophenone (Tcs1) sensors. One may speculate that the sensory pocket receiving toluene in the TdiS protein cannot accommodate the larger ethylbenzene molecule. In contrast, toluene may access the sensory pockets of Tcs1 and Tcs2. Alternatively, a cross-regulation between TdiSR and the other two systems may occur. The relaxed specificity of the ethylbenzene and acetophenone sensors could explain the low-level expression of all "ethylbenzene genes" in cells grown with toluene, suggesting that toluene acts as a gratuitous inducer for the ethylbenzene-specific operons. The in vivo experiments with toluene-adapted cells (Fig. 2B) indicated that the capacity to degrade ethylbenzene had to be induced under these conditions. Thus, the low-level expression of ethylbenzene genes may facilitate metabolic adaptation when ethylbenzene becomes available. Indeed, the maximal consumption rate of ethylbenzene was reached earlier in toluene-adapted cells (around 20 h) (Fig. 2B) than that of toluene in ethylbenzene-adapted cells (Ͼ30 h) (Fig. 2C) . Future investigations might aim to define the sensory domain and molecular mechanism which are responsible for alkylbenzene recognition. In this respect, it should be noted that benzylsuccinate rather than toluene was only recently suggested as the true inducer of tut (corresponds to bss) expression in T. aromatica strain T1, since cells grown with pyruvate expressed tut genes upon addition of benzylsuccinate (9) . Such a regulatory scenario appears unlikely in strain EbN1, since an up-regulation of the bssA expression (real-time RT-PCR) or formation of Bss/Bbs proteins (proteomics) was not observed in cells grown with a mixture of pyruvate (10 mM) and benzylsuccinate (1 mM) (data not shown).
Further gene products involved in anaerobic alkylbenzene degradation. Another valuable outcome of the DNA microarray or proteomics approach was that due to their differential expression, more genes could be related to either of the two investigated pathways. The genes orf68 and orf57 are located directly upstream and downstream of the ebdA and ped genes, respectively (Fig. 1B) . The rather large intergenic regions between orf68 and ebdA (267 bp) and between ped and orf57 (150 bp) indicate that orf68 and orf57 may not be part of the ebd operon, which was previously suggested to consist of the ebd- ABCD and ped genes (42) . Nevertheless, they are likely to also be involved in anaerobic ethylbenzene degradation, since their expression was most highly up-regulated in cells adapted to ethylbenzene (by 22.5-and Ͼ200-fold according to DNA-microarray and 2D DIGE analysis, respectively, in the case of orf68). The predicted apc operon of the lower part of the ethylbenzene pathway probably extends beyond bal, since adjacent genes orf92, orf90, orf87, and orf84 were most highly up-regulated in response to growth with ethylbenzene. However, their function remains elusive so far. Since selected genes of a ␤-oxidation complex (fadABE) and a thioesterase (orf206) encoded in the 15-kb distance to the ebd operon were not up-regulated during growth with ethylbenzene (Table 2) , the missing benzoylacetyl-CoA thiolase remains unaccounted for. In toluene-adapted cells, five additional genes (c2B001, c2A200, c2A203, c2A204, and c2A308) were specifically upregulated according to DNA microarray analysis. These genes are located directly downstream of bssH, and the short intergenic distances (0 to 22 bp) of c2B001, c2A200, c2A203, and c2A204 already suggested that they were part of the bss operon (31) . Considering the specific expression of bbsJ, ebA1936 and ebA1932 genes anaerobic toluene degradation might also involve more gene products than previously thought. EbA1932 and EbA1936 are highly similar to the products of orf1 and orf2 from T. aromatica K172, where they are located adjacent to the tdiSR genes. Due to the presence of transposase genes (istAB) and a transposon gene fragment (tnpF4) downstream of the ebA1932 gene and another transposon gene fragment (tnpF) upstream of the ebA1936 gene ( Fig. 1A and Table 4 ), one may speculate that these genes have been translocated in the genome of strain EbN1 when compared to the organization in T. aromatica K172. Since the products of both genes belong to the most abundant proteins on the 2D DIGE gel, they are probably involved in anaerobic toluene degradation; however, an erroneous formation cannot be excluded. The close proximity of a resistance-nodulation-cell division-type transporter-encoding gene (ebA1928) may point to an involvement in coping with toxic toluene concentrations, as recently suggested for BssH (31) . These results also indicate an involvement of more than two transcriptional units in the case of both pathways.
